T he expression of IL-2, an important T cell-derived immunoregulatory cytokine, is regulated precisely at transcriptional and posttranscriptional levels. Following T cell activation, IL-2 serves as an autocrine and paracrine growth factor involved in clonal T cell expansion, influences the magnitude and duration of an immune response, and contributes to the regulation of programmed cell death in T cells (1) (2) (3) (4) . The aberrant production of IL-2 can disrupt T cell function by leading to the loss of T cell anergy and induction of autoimmunity (3, 5, 6) . Due to the potent effects of IL-2 on T cells and other cells in the immune system, IL-2 mRNA and protein expression are precisely regulated at multiple levels. IL-2 mRNA expression is controlled by a balance between mRNA production through transcription and mRNA degradation through regulated mRNA turnover. The regulation of mRNA turnover is an important mechanism for controlling the duration of mRNA persistence in the cell and overall expression of a gene (7) .
In T lymphocytes, integrated signals from the TCR and the CD28 coreceptor activate signal transduction cascades that lead to cooperative binding of several transcription factors that induce the expression of the IL-2 gene at the transcriptional level (1, 8) . A less characterized but equally significant mechanism for regulating IL-2 expression occurs at the level of mRNA decay. Costimulation of TCR-activated T cells with an anti-CD28 Ab led to increased steady-state IL-2 mRNA levels in part through CD28-dependent stabilization of IL-2 mRNA (9). IL-2 mRNA decay is regulated by sequence elements found within the 5Ј-untranslated region (UTR), 3 the coding region, and the 3Ј-UTR of the IL-2 transcript. The JNK-responsive element found in the 5Ј-UTR of the IL-2 transcript mediates IL-2 mRNA stabilization in response to JNK activation by interacting with the cellular proteins nucleolin and YB-1 (10, 11) . Sequences in the IL-2 coding region have been shown to contribute to CD28-dependent regulation of IL-2 mRNA decay (12) . The best characterized mRNA sequence element known to regulate IL-2 mRNA decay is the AU-rich element (ARE) found in the 3Ј-UTR of IL-2 mRNA (13) .
AREs were identified as conserved sequences found in the 3Ј-UTR of a variety of transiently expressed genes including early response genes, protooncogenes, and several growth-regulatory genes (13) (14) (15) (16) . AREs function as instability elements that target ARE-containing transcripts for rapid mRNA decay (16) . AREs in a number of regulatory genes such as c-fos, c-myc, c-jun, GM-CSF, IL-3, and TNF-␣ have been shown to regulate mRNA decay (16 -25) . ARE-dependent mRNA turnover is mediated by trans-acting proteins that bind to the ARE; some ARE-binding proteins target the transcript for degradation, whereas others mediate transcript stabilization (13, 26, 27) .
ARE-binding proteins, such as HuR, NF90, and tristetraprolin (TTP), are expressed in T cells (28, 29) . HuR and NF90 function to stabilize ARE-containing transcripts, whereas TTP functions to mediate their rapid decay (27, 29 -31) . The role of TTP in the regulation of ARE-mediated mRNA decay was established in studies of TTP knockout mice. These mice are normal at birth but develop a syndrome of cachexia, dermatitis, and inflammatory arthritis due to overproduction of TNF-␣ (27) . Macrophages derived from TTP knockout mice exhibited abnormal stabilization of TNF-␣ mRNA leading to overproduction of the TNF-␣ protein (27) . Lai et al. (32) demonstrated that TTP binds to the TNF-␣ ARE in vitro, and overexpression of TTP leads to the deadenylation and decay of the TNF-␣ transcript, further demonstrating a functional role for TTP in mediating the decay of ARE-containing transcripts. TTP has been shown to regulate the decay of other ARE-containing transcripts such as GM-CSF and IL-3 (33, 34) . Thus, TTP is an important regulator of ARE-dependent mRNA decay (27) .
Because TTP plays an important role in regulating cytokine expression in macrophages, it is likely that similar mechanisms exist in T cells to regulate the decay of important T cell-derived cytokines such as IL-2. Previously, it has been demonstrated that rTTP facilitates the decay of a transcript that contains the human IL-2 3Ј-UTR in a cell-free RNA decay assay (35) . TTP-mediated mRNA decay may provide a mechanism to rapidly turn off IL-2 expression at the appropriate time following T cell activation to down-modulate an immune response. Because IL-2 expression needs to be tightly controlled for proper T cell function and immune homeostasis, we sought to determine whether TTP regulates IL-2 mRNA turnover in an ARE-dependent manner (33, 34) . In this report, experiments were performed to determine whether TTP regulates IL-2 gene expression in T lymphocytes. We found that TTP mRNA and protein were rapidly induced in primary human T lymphocytes following T cell activation and that TTP bound specifically and with high affinity to the IL-2 ARE. Insertion of the IL-2 ARE sequence into the 3Ј-UTR of a ␤-globin reporter construct conferred TTP-dependent mRNA destabilization on the ␤-globin reporter. Splenocytes or purified T cells derived from TTP knockout mice overproduced IL-2, and IL-2 mRNA was more stable in splenocytes derived from TTP knockout mice compared with wild-type mice, suggesting that TTP functions to down-regulate IL-2 gene expression at the level of mRNA decay in vivo. Overall, the data presented in this report indicate that TTP downregulates IL-2 mRNA expression through ARE-mediated mRNA decay.
Materials and Methods

Stimulation of primary human T lymphocytes
Human T lymphocytes were purified from buffy coat white blood cell packs obtained from the American Red Cross using T cell enrichment columns (R&D Systems) or RosetteSep reagents (StemCell Technologies) according to the manufacturer's instructions. The resulting cell population consisted of 90 -98% T lymphocytes based on anti-CD3 Ab staining (BD Biosciences) assessed by flow cytometry using a FACSCalibur (BD Biosciences) flow cytometer. These cells were cultured overnight at 37°C in the presence of 5% CO 2 in RPMI 1640 medium (Invitrogen Life Technologies) supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin G, and 100 g/ml streptomycin. Purified T cells were stimulated with medium alone or with immobilized anti-CD3 and immobilized anti-CD28 Abs. Ab stimulations were performed by culturing T cells in Falcon 150 ϫ 25 mm tissue culture dishes (BD Biosciences) that had been coated at 4°C overnight with a suspension containing 1 g/ml mAb directed against human CD3 (R&D Systems) and 1 g/ml mAb directed against human CD28 (R&D Systems) in PBS.
Stimulation of primary murine splenocytes and T cells
Generation of homozygous TTP knockout mice has been described previously (36) . Spleens from wild-type or TTP knockout C57BL/6 ϫ 129 mice were crushed and splenocytes were isolated by centrifugation over a Lympholyte-M (Cedarlane Laboratories) cushion, and RBC were removed by hypotonic lysis (R&D Systems). Murine CD3-positive T cells were purified from the splenocyte population using SpinSep reagents (StemCell Technologies) according to the manufacturer's instructions. Murine splenocytes and T cells were incubated with CD16/CD32 to block the FcRs and then were stained with the following Abs: anti-CD3⑀, anti-CD4, anti-CD8, anti-CD11b, and anti-CD45R/B220 (BD Biosciences), and analyzed by flow cytometry using a FACSCalibur (BD Biosciences) flow cytometer. Murine splenocytes or T cells were cultured overnight at 37°C in the presence of 5% CO 2 in RPMI 1640 medium (Invitrogen Life Technologies) supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin G, 100 g/ml streptomycin, and 50 M 2-ME. Purified splenocytes or T cells were stimulated with medium alone or immobilized murine anti-CD3 Abs or a combination of immobilized anti-CD3 and anti-CD28 Abs. Ab stimulations were performed by culturing splenocytes or T cells in Falcon 150 ϫ 25-mm tissue culture dishes (BD Biosciences) that had been coated overnight at 4°C with 10 ml of a suspension containing 1 g/ml mAb directed against murine CD3⑀ (R&D Systems) with or without 1 g/ml mAb directed against murine CD28 (BD Pharmingen). IL-2 concentrations in culture supernatants were measured by ELISA using the Pharmingen OptEIA mouse IL-2 set (BD Pharmingen) according to the manufacturer's instructions.
RNA probes and competitors
RNA oligonucleotides were purchased commercially (Dharmacon Research, Boulder, CO). The sequence for each RNA oligonucleotide was as follows: IL-2 ARE, UAUUUAUUUAAAUAUUUAAAUUUUAUAUUUAU; GM CSF ARE, AUUUAUUUAUUUAUUUAUUUA; c-myc1, UUACCAUCU UUUUUUUUCUUUA; c-myc2, AAUUUUAAGAUUUACACAAUGU; and mutated GM-CSF ARE sequences M1, UUUUUUUUUUUUUUUU UUUUU, and M8, ACUCACUCACUCACUCACUCA. The IL-2 ARE RNA oligonucleotide was end-labeled with [␥-32 P]ATP (6000 Ci/mmol) using T4 polynucleotide kinase to produce a radiolabeled probe with a specific activity of ϳ4 ϫ 10 6 cpm/g.
Gel shift and supershift assays
Cytoplasmic extracts were prepared by lysing cells in a buffer containing 0.2% Nonidet P-40, 40 mM KCl, 10 mM HEPES (pH 7.9), 3 mM MgCl 2 , 1 mM DTT, 5% glycerol, 8 ng/ml aprotinin, 2 ng/ml leupeptin, and 0.5 mM PMSF. Nuclei were removed by centrifugation at 14,000 rpm for 2 min in an Eppendorf microcentrifuge, and cytoplasmic extracts were immediately frozen on dry ice and stored at Ϫ80°C. The protein concentration of the extracts was determined by a colorimetric assay using a commercially available reagent (Bio-Rad) according to the manufacturer's instructions. Gel shift assays were conducted by incubating cytoplasmic extracts with the 32 P-labeled IL-2 ARE RNA probe at room temperature for 20 -30 min in a buffer containing 0.2% Nonidet P-40, 40 mM KCl, 10 mM HEPES (pH 7.9), 3 mM MgCl 2 , 1 mM DTT, and 5% glycerol in the presence of 5 mg/ml heparan sulfate (Sigma-Aldrich). Each reaction contained 8 -10 g of cytoplasmic protein, and 15-35 fmol of radiolabeled IL-2 RNA probe in a total volume of 20 -24 l. For supershift assays, specific Abs or control Abs were added to the reaction mixtures. The anti-TTP (N-18) Ab used was raised against the N terminus of human TTP and an anti-actin (C-11) was used as a control; both were affinity-purified goat polyclonal Abs that were purchased commercially (Santa Cruz Biotechnologies). The antihemagglutinin (HA) (Y-11) Ab: and the anti-Akt1/2 (H-136) control Abs were both affinity-purified rabbit polyclonal Abs (Santa Cruz Biotechnologies). The reaction mixtures were incubated for another 20 min at room temperature. Gel shift and supershift assays were separated under nondenaturing conditions on 5% polyacrylamide gels using 0.5% Tris-borate EDTA running buffer. The gels were dried and analyzed on a PhosphorImager (Molecular Dynamics). Where indicated, the binding intensity of the RNA-protein complexes and free RNA were quantified using ImageQuant, version 5.2, software (Molecular Dynamics). GraphPad Prism, version 4.00 for Windows (GraphPad Software), was used to graph binding data and calculate the apparent affinity using a homologous competition with depletion one-site binding model.
For UV cross-linking assays, cytoplasmic extracts (10 g) were incubated with 15-35 fmol of 32 P-labeled IL-2 ARE RNA probe at room temperature for 30 min in a buffer containing 0.2% Nonidet P-40, 40 mM KCl, 10 mM HEPES (pH 7.9), 3 mM MgCl 2 , 1 mM DTT, and 5% glycerol in the presence of 5 mg/ml heparan sulfate (Sigma-Aldrich) and 0.42 M unlabeled M1 (poly-U RNA) in a total volume of 24 l. The reaction mixtures were irradiated with 254-nm UV light using a Stratalinker UV cross-linking apparatus (Stratagene) and were separated on 10% SDS-polyacrylamide gels. The gels were dried and analyzed on a PhosphorImager (Molecular Dynamics).
Real-time PCR
Total cellular RNA was prepared from human T cells, mouse splenocytes, or mouse T cells using TRIzol reagent (Invitrogen Life Technologies) according to the manufacturer's directions. RNA was additionally purified using the Absolutely RNA RT-PCR Miniprep kit (Stratagene), including DNase treatment, according to the manufacturer's instructions. cDNA used for real-time PCR analysis was then synthesized from total cellular RNA using StrataScript reverse transcriptase (Stratagene) and oligo(dT) or transcript-specific primers. PCR amplifications were then performed using the QuantiTect SYBR Green PCR kit (Qiagen) according to the manufacturer's instructions. Transcript-specific oligonucleotide primers used for the PCR amplifications are listed as sense followed by antisense: mouse IL-2, AAAAGCTTTCAATTGGAAGATGCTG, TTGAGGGCTTGTTGAGATGA; and mouse hypoxanthine phosphoribosyltransferase (HPRT), GGTGAAAAG GACCTCTCGAA, AGTCAAGGGCATATCCAACA. All primers were purchased commercially from Integrated DNA Technologies. PCR amplification was performed using a Bio-Rad iCycler thermocycler, and the data were analyzed using iCycler software. Standard curves were generated to determine the level of each amplified transcript, and all data were then normalized to the level of the HPRT transcript.
Expression of TTP in HeLa cells
To overexpress TTP, HeLa cells were grown in monolayers in DMEM (Invitrogen Life Technologies) supplemented with 10% bovine calf serum, 2 mM L-glutamine, 100 U/ml penicillin G, and 100 g/ml streptomycin. HeLa cells (ϳ1.1 ϫ 10 7 cells) were transfected in Falcon 150 ϫ 25-mm tissue culture dishes (BD Biosciences) using 162 U of TransIT reagent (Mirus) and 54 g of pCMV.TTP.Tag plasmid DNA (37) , which encodes the full-length human TTP cDNA linked to a HA tag or the pcDNA-3 plasmid (Invitrogen Life Technologies) as a mock control. After 48 h, the cells were harvested, and cytoplasmic extracts were prepared.
mRNA decay assay
293 Tet-Off cells (BD Clontech) were grown in Eagle's MEM (Invitrogen Life Technologies) with 10% FBS (BD Biosciences), 4 mM L-glutamine, 100 U/ml penicillin G, and 100 g/ml streptomycin according to the protocol of the manufacturers. 293 Tet-Off cells (4.5 ϫ 10 5 cells) were transfected with 100 ng of pCMV.TTP.Tag or pcDNA-3 (mock) plasmid, with 1 g of the pTracer-EF/V5-His/lacZ construct (Invitrogen Life Technologies), which produces GFP to control for transfection efficiency, and with 4 g of a Tet-responsive reporter construct encoding the rabbit ␤-globin transcript. The reporter constructs used were pTetBBB (17) containing the rabbit ␤-globin coding region and the 3Ј-UTR, pTetBBB/c-jun (17) , which is identical with pTetBBB except the 3Ј-UTR contains an insertion from the c-jun 3Ј-UTR (17) , and pTetBBB/IL-2, which we derived from pTet-BBB by inserting the sequence TATTTATTTAAATATTTAAATTT TATATTTAT from the 3Ј-UTR of the IL-2 transcript into the BglII site located in the ␤-globin 3Ј-UTR. Transfections were performed with 3 U of 293 TransIT reagent (Mirus) per microgram of plasmid DNA. After 72 h, 200 ng/ml doxycycline was added to stop transcription from the pTet constructs. Total RNA was isolated at 0, 30, 60, 90, and 150 min following doxycycline treatment using the TRIzol reagent (Invitrogen Life Technologies) according to the manufacturer's instructions. RNA was further purified, and DNase was treated using the RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. Total RNA (5 g of total RNA from each sample) was separated by electrophoresis on 1.2% glyoxal-agarose gels using the NorthernMax-Gly system (Ambion). The RNA was blotted onto Brightstar-Plus membranes (Ambion) and immobilized onto the membrane by irradiation with 254-nm UV light using a Stratalinker cross-linking apparatus (Stratagene). Blots were hybridized for 18 h with radiolabeled rabbit ␤-globin or GFP DNA probes that were generated by PCR performed in the presence of [␣-
32 P]dATP. The DNA template for generating the ␤-globin probe was the pTetBBB plasmid, and the DNA template for generating the GFP probe was the pTracer plasmid. The PCR primers for making these probes are listed as sense followed by antisense: ␤-globin, GTCTACCCATGGACCCAGAGG, GATCCACGTGCAGC; and GFP, CCATGGCTAGCAAAGGAG, CCATGTGTAATCCCAGCAGCAG. The blots were washed, and signal intensities were quantified using a PhosphorImager (Molecular Dynamics). The hybridization intensity of each transcript was normalized to the hybridization intensity of the GFP transcript, and the normalized values were used to calculate half-lives.
To assay endogenous IL-2 mRNA decay rates, unstimulated or anti-CD3-and anti-CD28-stimulated splenocytes from wild-type or TTP homozygous knockout mice were treated with 10 g/ml actinomycin D, and total RNA was harvested after 0, 15, 30, or 45 min. IL-2 transcript levels were assayed by real-time RT-PCR and were normalized to HPRT transcript levels at each time point. GraphPad Prism software, version 4.00, was used to calculate transcript half-lives based on a one-phase exponential model of decay.
Results
TTP protein binds specifically to the IL-2 ARE sequence
We hypothesized that TTP regulates IL-2 mRNA decay by binding to the IL-2 ARE sequence and targeting the transcript for decay. Previously, it has been demonstrated that the IL-2 transcript contains an ARE in its 3Ј-UTR that regulates mRNA decay (10). Our previous finding that TTP binds to the IL-2 ARE suggests that TTP could be a regulator of IL-2 mRNA decay (28) . To further characterize the interaction between TTP and the IL-2 ARE, gel shift assays were performed using cytoplasmic extracts from HeLa cells that had been transiently transfected with a control plasmid (mock) or a plasmid that expresses TTP linked to a HA tag (TTP Tx; 5 and 7) . These results suggest that the entire RNA-binding activity is attributable to TTP.
Competitive RNA-binding experiments were conducted to estimate the affinity of TTP for the IL-2 ARE to determine whether this interaction occurs with an affinity that is comparable with other biologically meaningful RNA-protein interactions. Gel shift assays were performed using cytoplasmic extracts from TTP-transfected HeLa cells and the radiolabeled IL-2 ARE probe in the presence of increasing amounts of unlabeled competitor IL-2 ARE RNA ( Fig. 2A) . The intensity of the binding activity decreased with increasing amounts of unlabeled IL-2 ARE RNA added to the reaction, and the intensities of the bound radiolabeled complex and the free RNA were quantified (Fig. 2B) . The amount of bound RNA was plotted against the amount of total RNA, and the apparent binding affinity was calculated to be ϳ8 nM using a homologous competition with depletion one-site binding model. Because this binding affinity was estimated based on binding in crude extracts, the true affinity would be expected to be higher. In a previous report, a synthetic peptide consisting of the 73-aa TTP tandem zinc finger domain bound to the TNF-␣ ARE sequence with an affinity of 10 nM by gel shift and 19 nM by fluorescence anisotropy (38) . Our apparent binding affinity of 8 nM is higher than the previously reported binding affinities of the ARE-binding proteins AUF-1 and HuR for the GM-CSF ARE sequence, which were 40 and 50 nM, respectively (39) . Thus, the binding of TTP to the IL-2 ARE with high affinity is consistent with the hypothesis that TTP could be a regulator of IL-2 gene expression.
TTP in activated T cell extracts binds to the IL-2 ARE
Although TTP is not expressed in resting T cells, we have previously shown that T cell activation leads to induction of TTP mRNA and protein expression (28) . Following anti-CD3 and anti-CD28 stimulation of primary human T cells, TTP protein levels as assessed by Western blot were detectable at 1 h, peaked at 3 h, decreased gradually at 6 and 12 h, and returned to baseline at 24 h (data not shown). Given that TTP and IL-2 are expressed in T cells, we next sought to determine whether TTP present in T cell cytoplasmic extracts could bind to the IL-2 ARE sequence. To address this question, cytoplasmic extracts from resting T cells and T cells that had been activated for 6 h with anti-CD3 and anti-CD28 Abs were evaluated using an RNA-protein UV cross-linking assay to identify RNA-binding activities that were specific for the IL-2 ARE (Fig. 3A) . There was no binding activity present in cytoplasmic extracts from medium-stimulated cells (lane 1), but an IL-2 ARE-binding activity of ϳ43 kDa was seen when cytoplasmic extracts from activated T cells was used (lane 2). To determine the specificity of this induced IL-2 ARE-binding activity, T cell cytoplasmic extracts were incubated with the IL-2 ARE probe in the presence of excess competitor RNA. As illustrated in Fig.  3B , excess unlabeled IL-2 (lane 3) and GM-CSF (lane 4) competitor ARE sequences competed for binding with the IL-2 ARE probe, whereas c-myc sequences (lanes 5 and 6) and the M8 sequence (lane 7) did not eliminate the binding activity. Thus, this RNA-binding activity has sequence specificity that is similar to TTP. A portion of this RNA-binding activity was immunoprecipitated by an anti-TTP Ab suggesting that the RNA-binding complex contains TTP (data not shown). Additionally, experiments were performed using a gel shift assay (Fig. 3C) where no IL-2 AREbinding activity was detected in cytoplasmic extracts from medium-stimulated T cells (lane 1) but cytoplasmic extracts from stimulated T cells displayed an IL-2 ARE-binding activity (lane 2). This binding activity was eliminated upon the addition of excess unlabeled GM-CSF (lane 3) and IL-2 (lane 4) competitor ARE RNA sequences, whereas M1 (lane 5) and M8 (lane 6) RNA could not eliminate the binding activity. In Fig. 3D , supershift experiments showed that the induced binding activity was supershifted with an anti-TTP Ab (lane 4) but not an anti-actin control Ab (lane 5). The ability of the anti-TTP Abs to supershift a major portion of the IL-2 ARE-binding activity provides further evidence that the inducible binding activity contains TTP. Overall, these experiments indicate that TTP is induced upon T cell activation and is capable of binding to the IL-2 ARE in a sequence-specific manner.
TTP regulates the decay of transcripts containing the IL-2 ARE
The ability of TTP in cytoplasmic extracts from activated T cells to specifically recognize the IL-2 ARE sequence suggests that TTP were incubated with 35 fmol of a 32 P-end-labeled IL-2 ARE RNA probe in the presence of increasing amounts of unlabeled IL-2 ARE RNA (femtomoles of unlabeled IL-2 competitor). The binding reactions were then separated by electrophoresis on a 10% polyacrylamide gel under nondenaturing conditions. The positions of migration of the free and bound probes are indicated with arrows. B, For four independent experiments performed as described in A, the amount of bound and free radiolabeled IL-2 RNA was quantitated using a PhosphorImager. The amount of bound radiolabeled RNA was plotted against the amount of total RNA in each reaction. Each point represents the mean and SEM from four experiments.
'could be a posttranscriptional regulator of IL-2 gene expression.stable ␤-globin reporter transcript or were transfected with plasmids that were identical with pTetBBB except that they contained an additional IL-2 ARE sequence (pTetBBB/IL-2) or a c-jun sequence (pTetBBB/c-jun) in their 3Ј-UTR (17) . These plasmids were cotransfected with a TTP expression plasmid or a control plasmid to determine the effect of TTP on the decay of the reporter transcripts. Transfection efficiency was assessed using a GFP expression construct. The 293 Tet-Off cells were transfected, and doxycycline was added 72 h later to stop transcription from the reporter constructs. Total cellular RNA was harvested after 0, 30, 60, 90, and 150 min. ␤-globin (BBB) and GFP mRNA expression were assessed by Northern blot, and ␤-globin mRNA expression was normalized to GFP mRNA expression for each time point (Fig. 4) . In the absence of TTP, the BBB, BBB/IL-2, and BBB/cjun transcripts were all relatively stable. Overexpression of TTP specifically destabilized the BBB/IL-2 ARE transcript but did not alter the half-life of the BBB or BBB/c-jun transcripts, suggesting that TTP had a specific destabilizing effect on transcripts containing the IL-2 ARE. Overall, these data demonstrate that TTP specifically regulates the decay of transcripts that contain the IL-2 ARE and suggest that TTP functions to down-regulate IL-2 gene expression by promoting mRNA decay.
TTP regulates IL-2 gene expression in vivo
IL-2 expression was evaluated in splenocytes and T cells from wild-type and TTP knockout mice to determine whether TTP plays a role in regulating IL-2 gene expression in vivo. Purified splenocytes from wild-type and TTP knockout mice were stimulated with medium alone, an immobilized anti-CD3 Ab, or a combination of anti-CD3 and anti-CD28 Abs, and then total RNA and culture supernatants were collected. IL-2 mRNA levels were assessed by real-time PCR, and IL-2 protein expression was measured by ELISA. As seen in Fig. 5A , splenocytes derived from TTP knockout mice that had been stimulated for 12 h with an anti-CD3 Ab or FIGURE 4. TTP regulates the decay of mRNA containing the IL-2 ARE sequence. A, 293 Tet-Off cells were transfected with the pTetBBB (BBB), the pTetBBB/IL-2 (BBB/IL-2), or the pTetBBB/c-jun (BBB/c-jun) constructs in the presence of the pCMV.TTP.Tag plasmid (TTP) or a pcDNA3 control plasmid (mock). The pTracer GFP expression construct was cotransfected in each group as a control for transfection efficiency. After 72 h, doxycycline was added to stop transcription from the pTet constructs and total RNA was isolated after 0, 30, 60, 90, or 150 min. Total RNA (5 g) from each sample was analyzed by Northern blot using a 32 P-labeled rabbit ␤-globin probe and a 32 P-labeled GFP probe. B, For quantification, the hybridization intensity values of ␤-globin mRNA were normalized to GFP mRNA levels and were graphed. For each transfection condition, the normalized value for ␤-globin expression at time 0 was set to 100%. The graphed data represent three independent experiments. Each point represents the mean and SEM of these independent experiments. a combination of anti-CD3 and anti-CD28 Abs overexpress IL-2 mRNA compared with splenocytes from wild-type mice. Interestingly, medium-stimulated splenocytes from TTP knockout mice also expressed more IL-2 mRNA than splenocytes from wild-type mice, although the level of IL-2 mRNA expression was low. Splenocytes from TTP knockout mice overproduce IL-2 protein as measured in culture supernatants by ELISA compared with their wild-type counterparts (Fig. 5B) . Flow cytometric analysis revealed that the splenocyte population consisted of 44 -46% total T cells in wild-type and TTP knockout splenocytes.
The overproduction of IL-2 mRNA and protein in TTP knockout mice was also observed in purified T cells. Flow cytometric analysis revealed that the T cell populations consisted of 87-90% CD3-positive T cells, which were 46 -49% CD4 positive and 35-39% CD8 positive with Ͻ5% variation between wild-type and TTP knockout T cell populations. After 6 h of stimulation with an anti-CD3 Ab or a combination of anti-CD3 and anti-CD28 Abs, there was increased IL-2 mRNA expression as measured by realtime PCR and increased IL-2 protein production as assessed by ELISA in T cells derived from TTP knockout mice compared with their wild-type counterparts (Fig. 5, C and D) . Therefore, the overexpression of IL-2 mRNA and protein in TTP knockout T cells could not be explained by differences in the number of total T cells nor the percentage of CD4-positive or CD8-positive T cells in wild-type or TTP knockout mice.
The overproduction of IL-2 in splenocytes and T cells derived from TTP knockout mice suggests that TTP could regulate the decay of IL-2 mRNA. To determine whether the overproduction of IL-2 in splenocytes and T cells from TTP knockout mice was due to effects of TTP on the stability of the IL-2 transcript, we measured the half-life of IL-2 mRNA in splenocytes derived from TTP knockout or wild-type mice. Splenocytes were stimulated with anti-CD3 and anti-CD28 Abs, and actinomycin D was added 6 h later to stop transcription. Total cellular RNA was harvested after 0, 15, 30 or 45 min. IL-2 and HPRT mRNA expression were assessed by real-time RT-PCR, and IL-2 mRNA expression was normalized to HPRT mRNA expression for each time point (Fig. 6 ). In the splenocytes derived from wild-type mice, the IL-2 mRNA half-life was 18 min (95% confidence interval, 16.0 -20.1), whereas in splenocytes derived from the TTP knockout mice, the IL-2 mRNA half-life was 33 min (95% confidence interval, 28.0 -40.9). This difference was statistically significant with a value of p Ͻ 0.0001. Thus, the absence of TTP led to stabilization of IL-2 mRNA, suggesting that TTP specifically destabilizes IL-2 mRNA in vivo. Overall these data demonstrate that IL-2 mRNA and protein levels are elevated in activated splenocytes or T cells derived from TTP FIGURE 5. T cells derived from TTP knockout mice overproduce IL-2. A, Purified mouse splenocytes were either unstimulated (media) or stimulated for 12 h with anti-CD3 (␣CD3) or anti-CD3 and anti-CD28 (␣CD3ϩCD28) Abs. Total cellular RNA was isolated, and IL-2 mRNA expression was measured by real-time PCR and normalized to HPRT mRNA levels. The IL-2 mRNA level in anti-CD3-stimulated splenocytes from wild-type mice was set at 1.0, and all other normalized mRNA levels were graphed relative to that value. Each point represents the mean and SEM of three independent experiments, each of which was performed in triplicate. B, Supernatants were collected from splenocyte cultures described in A, and IL-2 levels were measured by ELISA. Each point represents the mean and SEM of triplicate samples. C, Purified mouse T cells were either unstimulated (media) or stimulated for 6 h with anti-CD3 (␣CD3) or anti-CD3 and anti-CD28 (␣CD3ϩCD28) Abs. Total cellular RNA was isolated, and IL-2 mRNA expression was measured by real-time PCR and normalized to HPRT mRNA levels. The IL-2 mRNA level in anti-CD3-stimulated T cells from wild-type mice was set at 1.0, and all other normalized mRNA levels were graphed relative to that value. Each point represents the mean and SEM of triplicate samples. D, Supernatants were collected from T cell cultures described in C, and IL-2 levels were measured by ELISA. Each point represents the mean and SEM of triplicate samples.
knockout mice compared with their wild-type counterparts and suggests that TTP down-regulates IL-2 gene expression at the level of mRNA decay in vivo.
Discussion
TTP is an important ARE-binding protein that regulates the deadenylation and decay of growth-regulatory transcripts such as GM-CSF and TNF-␣ (27, 33) . In this study, we investigated the expression and function of TTP in T lymphocytes and determined that TTP down-regulated IL-2 gene expression by destabilizing IL-2 mRNA. We found that TTP protein expression was induced following T cell activation and was expressed during the time period when IL-2 mRNA levels began to fall. The overproduction of IL-2 mRNA and protein in splenocytes and T cells derived from TTP knockout mice indicated that TTP functions to down-regulate IL-2 expression. Overall, our data suggest that the IL-2 overproduction that we observed in TTP knockout mice was due to stabilization of the IL-2 transcript, but we cannot exclude the possibility that TTP may also regulate IL-2 gene expression at other levels. Although TTP is not known to directly influence IL-2 transcription, it is possible that TTP influences IL-2 transcription indirectly by regulating the expression of ARE-containing transcripts that encode transcription factors that in turn regulate IL-2 transcription. Also, we cannot exclude the possibility that TTP regulates IL-2 translation. The increase in IL-2 mRNA levels in anti-CD3-activated splenocytes from TTP knockout mice is greater than the increase seen in purified T cells (Fig. 5, A and C) , raising the possibility that costimulatory signals from splenocytes could influence the effect of TTP on IL-2 mRNA expression. Our findings that 1) TTP binds to the IL-2 ARE with high affinity, 2) TTP is capable of mediating the rapid decay of a reporter construct that contains the IL-2 ARE, and 3) IL-2 mRNA is more stable in splenocytes derived from TTP knockout mice than wild-type mice all suggest that TTP down-regulates IL-2 gene expression by mediating IL-2 mRNA decay in an ARE-dependent manner.
Studies in the TTP knockout mouse model suggest that TTP is a physiological regulator of other cytokines such as GM-CSF and TNF-␣ (27, 33) . The myeloid hyperplasia seen in TTP homozygous knockout mice is due in part to overproduction of GM-CSF through mRNA stabilization (33) . Also, the autoimmune phenotype seen in TTP knockout mice is due primarily to overproduction of TNF-␣ because administration of anti-TNF-␣ Abs to TTP knockout mice at birth prevented the development of cachexia and arthritis (36) . The contribution of cytokine production by T cells to the abnormal phenotype of TTP knockout mice has not been previously examined. Our results suggest that most T cells from TTP knockout mice are in a resting state and are not producing large amounts of cytokines such as IL-2. Perhaps the process of T cell differentiation and development in the thymus leads to the removal of autoreactive T cells, and our housing of these mice in a specific pathogen-free environment prevents immune activation from foreign Ags. We found that T cell activation ex vivo led to overproduction of IL-2 by T cells from TTP knockout mice. Perhaps a similar phenomenon would occur in vivo in response to antigenic challenge though immunization or infection.
Based on our current understanding of ARE-mediated mRNA decay, we suggest the following model for transient expression of ARE-containing transcripts. In unstimulated T cells, stabilizing ARE-binding proteins such as HuA (HuR) and NF90 are expressed in the nucleus. Following T cell activation, newly synthesized ARE-containing transcripts are bound by these stabilizing AREbinding proteins and are transported from the nucleus to the cytoplasm. Once in the cytoplasm, these proteins transiently mediate transcript stabilization by blocking AREs and thereby preventing the recruitment of the mRNA decay machinery to the transcript. TTP mRNA and protein expression are subsequently induced following T cell activation. TTP competes with the stabilizing AREbinding proteins for the ARE, and binding by TTP to the ARE then targets the transcript for decay. Because TTP physically interacts with the exosome, a multi-subunit protein complex that possesses 3Ј to 5Ј exonuclease activity, and TTP mediates the decay of the IL-2 3Ј-UTR in a cell-free system (35) , binding by TTP to the ARE may recruit the exosome to the 3Ј-end of the IL-2 transcript, facilitating mRNA decay. This model provides a mechanism whereby ARE-containing transcripts may be transiently expressed and then turned off at precise times following T cell activation.
Recently, Stoecklin et al. (40) demonstrated that TTP is phosphorylated at serines 52 and 178 in response to the MAPK-activated protein kinase 2 signaling pathway. According to their studies, phosphorylated TTP is bound by the adaptor protein 14-3-3, which prevents TTP from targeting ARE-containing mRNA for decay. In other cell types, p38 kinase activation leads to phosphorylation of TTP at serines 52 and 178, creating a functional 14-3-3 binding site (40 -43) . Similar mechanisms for regulating TTP function may also occur in T cells. In response to T cell activation, CD28 costimulation activates signaling pathways that are independent from TCR signaling and also amplifies signaling pathways downstream from the TCR (44) . These signaling pathways could regulate TTP function through phosphorylation by regulating the ability of TTP to target ARE-containing mRNAs for decay. In T cells, it is possible that TTP is phosphorylated by kinases that become active in response to TCR and CD28 coreceptor stimulation. Phosphorylated TTP may be rendered inactive when bound by 14-3-3, allowing specific stabilization of ARE-containing transcripts. Thus, TTP phosphorylation in T cells may provide an additional level of control over the expression of ARE-containing transcripts such as the IL-2 transcript.
In this report, we have shown that TTP binds specifically to the IL-2 ARE sequence, and this binding destabilizes the transcript FIGURE 6. TTP regulates the decay of IL-2 mRNA. Purified mouse splenocytes from wild-type (WT) or TTP homozygous knockout (KO) mice were stimulated for 6 h with anti-CD3 and anti-CD28 Abs. After 6 h, actinomycin D (10 g/ml) was added to stop transcription, and total RNA was isolated after 0 or 30 min in one experiment or after 0, 15, 30, or 45 min in another independent experiment. IL-2 mRNA levels were measured using real-time RT-PCR and were normalized to HPRT mRNA levels. For each experiment, real-time PCR assays were performed three times. The normalized level of IL-2 mRNA at time 0 was set at 100, and all other normalized mRNA levels were graphed relative to that value. The graph combines the data from the two experiments, and each point is represented by the mean and the SEM. The data were fit to a one-phase model of exponential decay to derive the indicated IL-2 mRNA decay curves.
through an ARE-mediated decay pathway. ARE-mediated decay provides a mechanism for down-regulating IL-2 expression after T cell activation. Because other sequences within the IL-2 transcript also regulate IL-2 mRNA decay (9 -12, 29, 45, 46) , it will be important to understand how these distinct regulatory sequences interact with each other to regulate IL-2 mRNA decay. mRNA turnover appears to serve as a general mechanism for regulating the expression of a wide variety of genes in T lymphocytes (47) . Thus, understanding the mechanisms controlling mRNA turnover is important for T cell function and the maintenance of normal immune homeostasis.
